that may affect the central production of saliva (Ikebe et al., 2007) .
Further risk factors comprise female gender, having <20 teeth, andin younger adults-obesity (Flink, Bergdahl, Tegelberg, Rosenblad, & Lagerlof, 2008; Narhi, 1994) . SGH is reported to significantly impair the quality of life, as swallowing and speaking become difficult, taste sensation is reduced, and the lack of saliva often renders the oral mucosa very sensitive (Locker, 2003; Matsuo, Yamauchi, & Morimoto, 1997) . This may produce a burning mouth sensation as well as ulcerations of the mucosa (Jensen et al., 2010) . When natural teeth are still present, the altered pH and buffering capacity of the saliva generates an increased risk of caries and erosion, fostering the progression of root and coronal caries and ultimately tooth loss (Leal et al., 2010) . SGH is also a major concern following radiotherapy of the oro-facial structures, as the salivary glands may be permanently destroyed and salivary secretion can therefore no longer be effectively stimulated (Jensen et al., 2010) .
Salivary function is measured in two distinctly different conditions: at rest, with an average secretion rate of 0.3-0.4 ml/min; and under stimulation, where 1.6-2.0 ml/min can be secreted (Sreebny, 2000) . Advanced age has often been cited as a risk factor for lack of saliva. A recent in vivo experiment in mice demonstrated that aging salivary glands present both morphometric and histopathological changes, such as acinar cell atrophy and an increased number of apoptotic epithelial cells, which may contribute to the functional alterations also observed, such as a decreased production and secretion of saliva (Choi, Park, Kim, Lim, & Kim, 2013) . Degenerative histological changes have also been observed in the human parotid and submandibular glands of elderly persons (Scott, 1977; Scott, Flower, & Burns, 1987) . A recent systematic review revealed that age affects salivary flow rates (SFR) in a gland-specific way, with whole, submandibular and sublingual SFR being significantly decreased, both at rest and under stimulation, whereas neither parotid flow nor minor salivary gland flow were significantly modified (Affoo, Foley, Garrick, Siqueira, & Martin, 2015) . This suggested that the quantity of saliva that is needed to preserve digestive and salivary functions, such as keeping the oral cavity healthy and assuring oral comfort, is still present even at a high age (Affoo et al., 2015) .
The association between salivary and masticatory function has been studied extensively. A positive correlation between SFR and bite force was reported in both animal and human experiments (Anderson & Hector, 1987) . Unilateral mastication mostly stimulates the salivary flow from the ipsilateral parotid gland, as needed when chewing foodstuffs between the posterior teeth (Anderson, Hector, & Linden, 1996) . Although the reflex is triggered by the periodontal receptors, it is still present in persons with few teeth, or those wearing complete dentures, although with lower stimulated salivary flow rates (SSFR). This in turn increases the risk of caries and further tooth loss. The reflex response seems closely related to the masseter muscle activity (Anderson et al., 1996) , and in an elderly cohort, a reduced bite force was associated with a lower SSFR, independently of sex and medication (Ikebe et al., 2007; Yeh et al., 2000) .
Prosthetic treatment in edentulous patients has been shown to positively impact muscle function and muscle bulk, through a suspected training effect during mastication (Müller et al., 2012) . The placement of inter-foraminal implants to stabilize and retain a mandibular complete removable dental prostheses (CRDPs), hence to convert it into an implant-supported overdenture (IOD), was shown to provide a significant improvement of chewing efficiency and bite force in independently living IOD wearers (van Kampen, Bilt, Cune, Fontijn-Tekamp, & Bosman, 2004) . Elderly edentulous patients wearing CRDPs might therefore benefit from a treatment enabling to improve their bite force and hence their SFR, via the application of an increased force. Since elders who are institutionalized or who depend on help for the activities of daily living (ADLs) present the highest rates of xerostomia (Liu et al., 2012) , the stimulation of the SFR via IODs may be particularly interesting to alleviate their discomfort. This effect may not only be beneficial for the patients' food choice and enjoyment of meals, but may also stimulate the secretion of saliva.
The aim of the present study was therefore to compare the masticatory efficiency (ME), maximum voluntary bite force (MBF), masseter muscle thickness (MMT), as well as SFR in dependent elderly edentulous complete denture wearers and receiving either a conversion of the mandibular CRDP to a two-implant overdenture or a conventional reline. We hypothesized that there would be no difference in gain in ME, MMT, MBF, nor SFR between both interventions over time.
| MATERIAL S AND ME THODS

| Trial design
This single-center, parallel, randomized controlled trial with an allocation ratio of 1:1 was approved by the local research ethics committee (PSY06-038). The RCT was registered at www.ClinicalTrials.gov under the number NCT01928004. This RCT is reported according to the CONSORT statement (Schulz, Altman, & Moher, 2011) .
| Eligibility criteria for the participants
The inclusion criteria of the study comprised being 75 years of age or older, being edentulous and wearing conventional CRDPs not needing renewal. Moreover, patients included in the study had to be dependent for their ADLs and were therefore either institutionalized or received help at home. Some results from the 1-year follow-up from this study have already been published (Müller et al., 2013) .
The exclusion criteria consisted of severe cognitive impairment (dementia), depression, immunosuppression, treatment with bisphosphonates, and poorly controlled diabetes. During the screening process, the Mini-Mental State Examination (Folstein, Folstein, & McHugh, 1975 ) was used to evaluate cognitive impairment, while the Geriatric Depression Scale (Sheikh & Yesavange, 1986 ) was used to assess the presence of depression.
| Intervention and protocol
The interventions performed and the protocols followed have been detailed in a previously published report (Müller et al., 2013 After 6-8 weeks of healing time, the pre-existing mandibular CRDP was transformed into an IOD by loading the implants with Locator® attachments (Zest Anchors, Escondido, CA, USA) without replacing the denture teeth. The control group received a conventional reline of their mandibular CRDP. All treatments and follow-ups were free of charge for the study participants.
Patients were examined at preset time periods: BL (baseline), T0 (immediately after intervention), T1 (3 months after intervention), T2
(12 months after intervention), and subsequently on an annual basis until dropout or death.
| Outcome measures
The outcome measures reported and analyzed in this paper were some of the secondary outcomes of the previously published report (Müller et al., 2013) , namely the SFR (unstimulated and stimulated), the MBF for each chewing side, the MMT, and the ME.
Two measurements of SFR were taken as follows: unstimulated salivary flow rate (USFR) and salivary flow rate during stimulation (SSFR). The saliva produced was measured using the techniques and indications given by Dawes (1987) as guidelines.
The participants were instructed to avoid swallowing their saliva during 2 min and to spit all collected saliva into a graduated recipient every 30 s. For the collection of the flow during stimulation, patients were given a cube of CRT® Paraffin wax (Ivoclar Vivadent, Schaan, Liechtenstein) and were instructed to chew on until it became soft enough for comfortable chewing, for at least 1 min. The same procedure described before was then applied for the collection of saliva during chewing, meaning 2 min collection time. All collected foam was excluded from the measurement. The 5 min collection time suggested by Dawes (1987) for USFR was not followed, as this was too long for the elderly participants to stay focused on the given instructions.
The MMT was measured using a real-time linear ultrasound scanner and an 8 MHz linear array transducer (FALCO 100, Esaote PieMedical, Cologne, Germany). The site of measurement was chosen by determining the thickest part of the muscle by palpation of its anterior border. Ultrasound contact gel was applied on the transducer (Aquasonic®, Parker Laboratories Inc., New Jersey, USA) before placing it perpendicularly to the mandibular ramus. The thickness of the muscle was measured on each side during muscle contraction, meaning clenching of the teeth. The measurement was done on the image with the thickest visible section of muscle during contraction. This was carried out twice per side, alternating between preferred and non-preferred chewing side each time, and the mean was subsequently calculated for each side. The error of this method was shown to range from 0.2 to 0.4 mm (Kiliaridis & Kalebo, 1991) .
The MBF was measured using the Occlusal Force-Meter GM10® (Nagano Keiki Co. Ltd., Tokyo, Japan). The instrument was placed unilaterally in the first molar area. A stabilizing block of the same thickness (8.7 mm) and material was placed on the contralateral side, in order to preclude the possible displacement of the prostheses under unilateral occlusal load. Patients were instructed to bite on the instrument as hard as they could, until a measurement was effectively recorded. This was carried out three times per side, alternating between preferred and non-preferred chewing side each time, and the highest value registered for each side was used for analysis.
Masticatory efficiency was evaluated by means of a color-mixing test using a bi-colored chewing gum. The gum used was the Hubba Bubba® Tape Gum (The Wrigley Company Ltd., England) in "Fancy Fruit®" and "Sour Berry®" flavors, as per the original protocol established by Schimmel, Christou, Herrmann, and Muller (2007. When the latter was no longer commercially available in Switzerland, the gum produced for the "8020 Promotion Foundation (Japan)" (Lotte TM , Tokyo, Japan) was used, as a mathematical conversion between the optoelectronic analysis using the two specimens had previously been confirmed (Schimmel et al., 2015) . After 20 chewing cycles, the gum was recovered, flattened to a thickness of 1 mm, and subsequently scanned with a commercially available flatbed scanner.
They were analyzed optoelectronically using the ViewGum© software, and the variance of hue was used to measure the ME.
| Sample size
The sample size calculation for the present study is described in our previously published report (Müller et al., 2013) , where the lack of relevant reference data available at the time of the initial study required an interim power analysis in order to confirm the sample size. The main outcome variable of denture satisfaction was used to establish a sample size of 12 participants per group to detect a significant difference (p < 0.05, 1 − β = 0.8).
| Randomization and blinding
The randomization sequence was generated using an online sequence generator (www.randomizer.org). A block randomization was performed, with block sizes of 10 and an allocation ratio of 1:1.
The sequence was generated before participant recruitment and was concealed in sequentially numbered opaque envelopes. The envelope was opened after the enrollment of the participant. The recruiters were blinded to the randomization sequence generated.
| Statistical analysis
According to the request of the ethics committee, patients, randomized into the control group but wishing to receive the treatment with implants, nonetheless had the possibility of switching to the intervention arm of the study after a minimum of 1 year of observation after the control treatment. These patients were therefore considered as dropouts of the control group and withdrawn from the study, even though their outcomes were monitored for clinical purposes. Moreover, unlike in the previously published short-term report, patients withdrawing from the study immediately after intervention were counted as dropouts and hence not included in this long-term analysis.
Observations were grouped into three periods: baseline (pre-intervention), "early" follow-up (including observations up to 1-year, namely T0, T1 and T2), and "late" follow-up (including observations 
| RE SULTS
| Participants
The entire process of participant recruitment, randomization, and analysis are shown in a CONSORT flow diagram (Figure 1 ). group dropped out of the study immediately after intervention, as they did not wish to continue to participate in a study, while this was not the case in the intervention group. As mentioned before, these participants were not included in the long-term analysis. As reported in the 1-year publication, the two groups were similar at baseline (Müller et al., 2013) . After 1 year of observation, three patients switched to the intervention arm of the study and were from that During late follow-up, 43 observations (from 13 patients) were obtained in the implant group, and 11 (from five patients) in the reline group.
| Salivary flow rates
No change in the SFR at rest was noted in either group. The SSFR showed a similar pattern, without significant change in salivary flow after intervention, independent of the group the participants were allocated to and the follow-up period. A loss of 0.47 ml and of 0.36 ml was attributable to the IODs at early and late follow-up, respectively (Table 1) .
| Masseter muscle thickness
A non-significant trend to an increase in MMT after intervention was observed in the implant group, for both preferred (PS) and non-preferred (n-PS) chewing sides, but the differences were <0.5 mm and
were not statistically significant (Table 2) .
| Maximum voluntary bite force
In the current 7-year analysis, the reline of the lower denture did not significantly increase the MBF, neither on the preferred chewing side (PS) nor on the non-preferred chewing side (n-PS; Table 3 ).
In contrast, in the intervention group, the effect attributable to the IODs compared to reline was substantial and statistically significant 
TA B L E 1 Mean salivary flow and intervention effects
TA B L E 2 Mean masseter muscle thickness and intervention effects
Variable
Observation period Implants Reline
Estimate of treatment effect at both early and late follow-ups (p < 0.05 for PS and p = 0.001 for n-PS). Participants wearing IODs gained over 80 N of MBF on PS and over 100 N on n-PS compared to baseline, meaning a total threeand fivefold increase, respectively. For PS, a + 35.2 N and +54.1 N gain was attributable to the IODs, at early and late follow-up, while the n-PS had a +62.5 N and +77.9 N gain attributable to the IODs at early and late follow-up, respectively. The effect of the IODs on the participants' overall MBF compared to reline was even more pronounced, with +65.9 N gain and +81.3 N gain at early and late follow-up, respectively (p < 0.001; Table 3 ).
| Masticatory efficiency
The results for the chewing-gum analysis showed that there was no change in chewing efficiency, that is, mixing ability for both groups, with no additional gain due to the implants (−0.03 and −0.07 attributable to IODs at early and late follow-up, respectively [n.s.]; Table 4 ).
| D ISCUSS I ON
The present results have to be interpreted in view of the heterogeneity of the study participants, inherent to any clinical study.
Limitations arise from the age of the participants, with usually high dropout rates due to health deterioration, lack of compliance, along with cognitive impairment or finally death. This induced a lower number of participants after several years of follow-up as well as an asymmetry between the two groups.
The long-term observations presented in this study confirm the previously published results from the 1-year follow-up (Müller et al., 2013) . The placement of implants and transformation of the CRDP into an IOD had a positive and significant impact on bite force, even in very old participants. The maximum bite force of the participants more than tripled after having a conversion to IODs, this effect being almost perfectly symmetrical between both preferred and non-preferred chewing sides. Moreover, the participants' highest overall MBF, on either chewing side, was more than four times higher after a treatment with IODs. The implants provide mechanical support during maximum biting which, in contrast to the mucosa-born CRDP, is neither limited by pain from the denture bearing tissues, nor by the dislodgement of the CRDP. The selection criteria for our study population also have to be taken into account when interpreting these results, as it could have introduced a selection bias concerning the participants' alveolar ridge anatomy and bone resorption levels.
Indeed, osteoporosis in itself was not an exclusion criterion, whereas treatment with bisphosphonates was considered a contra-indication for implant placement and therefore prevented patients from participating in the study. It is therefore probable that our participants In the first year of the observation period reported previously,
TA B L E 3 Mean maximum voluntary bite force and intervention effects
MMT increased significantly for the preferred chewing side (Müller et al., 2013) . In the current 7-year analysis, there was no significant increase for MMT after IOD intervention compared to reline. It must be noted that, as mentioned before, the groups analyzed in these two reports are not identical, as three participants switched intervention arm after 1 year, and some participants dropped out immediately after intervention, and these were all excluded from the analysis.
This explains the difference in the baseline and 1-year results between the two reports. Moreover, the absence of an increase in ME in patients with IODs may seem disappointing, especially with the important rise in MBF that accompanies it. This could be attributed to the fact that prosthetic teeth were not replaced during this study.
The same result was already seen and discussed in the 1-year analysis of this cohort. Age-related reduced neuroplasticity might account for a delayed or even permanently impaired adjustment of chewing patterns, with a reduced tactile sensibility of the mechanoreceptors in the mucosa, and hence limited afferent input to the Central Nervous System (CNS), possibly further diminishing the adjustment.
Surprisingly, no functional improvement was found for all other researched outcomes, including SFR. This contradicts previous studies, where an association between MBF and SFR was reported, both in young and older cohorts of patients (Ikebe et al., 2007; Yeh et al., 2000) . Moreover, other researchers found that an improvement in bite force following prosthetic treatment was accompanied by an increase in SFR (Matsuda, Ikebe, Ogawa, Kagawa, & Maeda, 2009) .
It further has to be considered that the intake of medications with hyposalivation as a side effect might have masked a potential increased SSFR (Kawasaka, Shimodozono, Ogata, Tanaka, & Kawahira, 2010) . The medication intake was not reported in the present study;
however, comparisons were made intra-individually and medications were consistent or at least similar over the observation period.
The absence of an increased SSFR after treatment with IODs and an important gain in MBF should be interpreted in view of the chewing efficiency and muscle thickness. Indeed, the correlation between EMG activity and SFR is well documented in animal and human experiments (Anderson & Hector, 1987; Anderson et al., 1996) . The absence of an increased SSFR in the IOD cohort in the present study was counterintuitive. A possible gain in SSFR through increased bite force might have been overshadowed by polypharmacy. The unchanged SSFR may suggest that patients do not apply a MBF during habitual chewing activities, as they chewed the wax cube for 2 min in their habitual manner without applying maximum forces. Moreover, results from a study concerning salivary secretion and occlusal force in patients with unilateral cerebral stroke suggest that "an inability to generate sufficient masticatory force (…) might lead to a reduced masticatory-parotid reflex and consequent disuse atrophy of the salivary glands" (Kawasaka et al., 2010) . Taking this finding into consideration, it seems possible that a lack of "use" of the newly gained bite force during habitual chewing could account for an absence of increased SSFR due to a lack of stimulation, and if persistent over a longer period of time, even a possible atrophy of the salivary glands. Equally missing is the effect on the dietary intake after implant placement, which does not change if it is not combined with a nutritional counseling (Ellis et al., 2008; Moynihan et al., 2012) , habits in old age being frequently very difficult to change.
Moreover, the fact that our participants were all dependent for their
ADLs probably further limited their food choice, especially for those living in an institution. Impaired neuroplasticity of the CNS, but also chewing and nutritional habits of our elderly study participants may have accounted for the unchanged chewing force during habitual chewing after both reline and implant placement, hence precluding an additional stimulation of salivary flow during chewing.
| CON CLUS IONS
Based on the present results, the proposed null hypothesis can be rejected concerning MBF, whereas it cannot be rejected for ME, MMT, and SSFR. The absence of an increased SSFR despite the increased MBF suggests that edentulous patients receiving mandibular IODs do not seem to apply an increased bite force during habitual chewing, despite the available capacity to do so. Studies assessing whether the stimulation of active chewing and the intake of "chewing-active" foodstuffs in a non-experimental context would have a beneficial effect on MMT, chewing efficiency, and SFR should be carried out in the future.
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